A key ecological parameter for planktonic copepods studies is their interspecies encounter rate which is driven by their behaviour and is strongly influenced by turbulence of the surrounding environment. A distinctive feature of copepods motility is their ability to perform quick displacements, often dubbed jumps, by means of powerful swimming strokes. Such a reaction has been associated to an escape behaviour from flow disturbances due to predators or other external dangers. In the present study, the encounter rate of copepods in a developed turbulent flow with intensity comparable to the one found in copepods' habitat is numerically investigated. This is done by means of a Lagrangian copepod (LC) model that mimics the jump escape reaction behaviour from localised high-shear rate fluctuations in the turbulent flows. Our analysis shows that the encounter rate for copepods of typical perception radius of ∼ η, where η is the dissipative scale of turbulence, can be increased by a factor up to ∼ 10 2 compared to the one experienced by passively transported fluid tracers. Furthermore, we address the effect of introducing in the LC model a minimal waiting time between consecutive jumps. It is shown that any encounter-rate enhancement is lost if such time goes beyond the dissipative time-scale of turbulence, τη. Because typically in the ocean η ∼ 10 −3 m and τη ∼ 1 s, this provides stringent constraints on the turbulent-driven enhancement of encounter-rate due to a purely mechanical induced escape reaction.
INTRODUCTION
Many biological processes are determined by individualinteraction or contacts between organisms. This is an essential aspect in plankton marine biology too, because the encounter between individual organisms is vital for mating or for predation [1] [2] [3] . Finding a suitable habitat (colonization) for marine organisms is also encounterdependent [4] . Organism size, morphology, motility and abundance can affect the biological encounter rates, i.e., the typical frequency at which individuals meet other organisms of the same or of different species. Beside this, external environmental factors, such as flow currents and hydrodynamic turbulence can have an impact. It is thus of great ecological importance to understand the combined biological and physical factors that can affect the encounter rates in oceanic flows. The encounter rate of plankton species has been studied extensively in the past [5] [6] [7] [8] [9] [10] . Gerritsen and Strickler [5] first introduced a model of plankton contact rate in a steady uniform flow. Despite its influential role, this model relied on a oversimplified description of the fluid flow environment. The living habitats of plankton, which are open marine flows, are rarely laminar and are instead time-space dependent and frequently turbulent. It is now commonly accepted that turbulence must have an influence on the dispersal, feeding and reproduction of plankton [11] . Furthermore, it is believed that both * hamidreza.ardeshiri@polytech-lille.fr small and large eddies of turbulence can affect the encounter process [9] . In the past some authors have regarded the small-scale turbulent processes as a homogenizing factor, so that their encounter-rate models assumed the distribution of plankton to be uniformly random in space and time [10, [12] [13] [14] [15] . However, in the fluid-dynamics context it is now well known that turbulence can both increases spatial inhomogeneity at small scales (preferential concentration) and produce persistent clusters over time (this happens for instance for transported scalar fields such as temperature and for material particles carried by a flow) [16] [17] [18] . A second important aspect of the problem is that the encounter-rate of swimming organisms in a flow is also governed by biologically-driven processes [10, 19, 20] . Plankton species and in particular copepods each have specific swimming strategies which can be induced by external mechanical stimula. Some study in the past have assumed that physically-driven (turbulent transport) and biologically-driven (swimming) processes could be summed up linearly in the estimation of encounter-rates [10, 19, 20] . This approach has been questioned on the basis of experimental evidences showing that the two contributions are entangled and most probably depend on each other, in other words: turbulence may induce changes in the behavioural swimming responses of microorganisms [21, 22] . The theoretical model for the estimation of the collision-rate of material particles in turbulence in the conditions leading to preferential clustering, developed by Sundaram and Collins [23] , Wang et al. [24] , Reade et al. [25] and Collins and Keswani [26] can be used also for encounter of micro-organisms. Despite the many studies performed on collision enhancement by turbulence for colloidal [27] [28] [29] [30] , and inertial particles [31, 32] , only few studies [33, 34] are available in the context of copepods ecology. The study of Squires and Yamazaki [33] on marine particles did take into account swimming, and the same applies for [34] . Finally it is important to remark that, in addition to swimming behavior induced by changes in external flow conditions, other mechanisms can also play a role in encounter rates for copepods, e.g. chemoreception and mechanoreception [35, 36] , prey movement detection [37, 38] and feeding currents [39] ; all these potentially relevant effects are outside the scope of the present study. The goal of this work is to offer an estimate of the mutual encounter rate of copepods (encounter rate of the same species) which builds on a previously proposed behavioural model of copepods in a flow [40] (the so called Lagrangian Copepod (LC) model). The LC model was developed from an experimental data analysis input, in order to explore copepods' dynamics in developed turbulent flows. To the best of our knowledge, this is the first numerical simulation of swimming copepods behaviour in turbulent flows which under some specific conditions results in preferential clustering.
MATERIALS AND METHODS
In this section we introduce the Lagrangian copepod model which is adopted in the present study to quantify copepods' encounter-rates in a turbulent flow. This model, which has been first presented in Ardeshiri et al. [40] , has the advantage to keep into account at the same time a modelisation of behavioural and hydrodynamical effects. The LC model is based on a Eulerian-Lagrangian modelling approach. This means that the fluid flow is obtained by solving the incompressible Navier-Stokes equations, by means of Direct Numerical Simulation (DNS), while the organisms position are treated in the same fashion as Lagrangian point-particles drifting by the flow.
Lagrangian copepod model
The Lagrangian model of copepods dynamics relies both on biological and hydrodynamical assumptions. i) A first hypothesis is that copepods escape reactions are triggered by a well defined mechanical signal, the strain rate intensityγ, and that a jump begins whenever this signal exceeds a fixed threshold value, denoted withγ T . The rate of strain intensity is a quantity which depends on the velocity gradients, it is defined asγ
where u i is the fluid velocity field in three dimensions (i = 1, 2, 3). We note that the strain rate include both normal strain, ∂ i u i , and shear strain, ∂ j u i (i = j). In turbulent flows, due to local isotropy, the latter term is the dominant one [41] for this reason we will also refer toγ as to the shear rate. We also note that the proposed first hypothesis makes several simplifications. In particular it neglects any other copepod swimming activity induced by light, food, or chemistry (e.g., pheromones). Moreover, it neglects the fact that copepod may want to avoid too calm regions of the flow, in other words regions whereγ could be below a certain threshold (a behaviour that has also been reported in the literature [42] ). ii) A second hypothesis is that copepods response is always the same, independently of the intensity of the external mechanical disturbance. There are experimental evidences for the fact that the velocity tracks of copepods performing jumps show always a very sharp velocity increase, followed by an approximately exponential decay in amplitude. This has been highlighted in high-speed recordings for Eurytemora affinis and Acartia tonsa in still water experiments [40, 43] . Such a functional dependence for the velocity can be associated to the effect of an impulsive force due to a stroke (or a burst of strokes) that is followed by a slowing down due to the hydrodynamic drag force. Furthermore, experiments show that copepods preferentially jumps in their onward direction [44, 45] . This leads to assume that a general template for the time evolution of velocity during a jump can be adopted. On the mechanical side, the following additional conjectures are made: iii) We assume that copepods are small enough that their center of mass can be considered a perfect fluid tracer in a flow, except for the time when a jump event takes place. In hydrodynamic terms, this means that copepods are assumed to be rigid, homogeneous, neutrally buoyant and with a size that is of the order of the smallest scale of the flow. Neutral buoyancy and mass homogeneity imply that gravity has no role in producing additional acceleration or torque. iv) Finally, copepods are coupled to the fluid in a one-way fashion, which means that they react and are carried by the flow, but they do not modify it; copepods-copepods interactions are also neglected. Gathering all the above hypothesis, the LC equation of motion describing a copepod trajectory, x(t), and its body orientation, p(t), reads:
(1)
where u(x(t), t) and ω(x(t), t) are respectively the velocity and the vorticity of the carrying fluid flow at the copepod position and J(t) is an added velocity term that describes the jump escape reaction of the copepod, and where ∧ is the vectorial product. We note that eq. (2) is an accurate description for the rotation rate only for the case of a spherical body, and it is here adopted for simplicity. The generalised form of this equation, valid for axisymmetric ellipsoidal bodies, known as Jeffery equation [46] can also be used (see its effect on the LC model in [40] ). The jump term, J(t), is a function of time but also depends on a set of parameters, which we will introduce and describe in the following. In our model copepods normally drift with the carrier fluid however, when they find themselves in the alert regions, i.e. regions with strain rate larger than the reference threshold valueγ T , they perform a jump with exponentially decaying velocity intensity over the time. Notice that a jump has a duration τ w = t e − t i , with t i and t e the initial and final time for the jump respectively. Such a time interval can be chosen as the time after which the jump velocity amplitude has declined to a very low value. Note that in our model a new jump cannot occur if the previous jump
is not yet finished, this means that the maximal jump rate is τ −1
w (see Fig.1 ). The jumping event can thus be written as the following expression. When copepods are in alert regions (γ(x(t i ), t i ) >γ T ):
where u J and τ J are two parameters characterising the jump shape in terms of, respectively, its velocity amplitude and duration (exponential decay time). Note also that, in the above expression, the jump orientation is identified by p(t i ) which is the copepod orientation at the time of the jump activation, t i . According to the experimental measurements on Eurytemora affinis and Acartia tonsa [43] a realistic choice for the parameters in the model is u J ≃ 10 cm/s and τ J ≃ 10 ms, respectively. On the contrary our experiments did not allow to estimate the intensity ofγ T and if any minimal time-interval τ w between the jumps exists. In the literature we find thatγ T for Acartia tonsa can be around 0.4s −1 [47] , however there is a wide range of variability for other species and values as low aṡ γ T = 0.025 s −1 has been also reported [48, 49] . We add here that, if one assumes valid the exponential model for the jump (3), the time needed to reduce the jump amplitude by a factor x is τ w = ln(x) τ J . Taking then x = 100 gives approximately τ w ≃ 50 ms. The uncertainties discussed above on the values of the parameters in the model justify the approach, adopted in this work, of performing a parametric study at varying, independently,γ T and τ w .
Fluid flow model
The natural environment of copepods is characterised by turbulent flows either in the ocean or in river estuaries. Geophysical turbulent flows are often marked by inhomogeneities or by the presence of persistent struc- tures due to specific bounding geometries or by the presence of currents. Such aspects are relevant at large scale O(10 − 10
3 )m, however they lose much of their importance when one looks at fluid fluctuations on a smaller scale, of the order of 1m. At this level the oceanic turbulence can be taken to a good approximation as statistically homogeneous and isotropic. In such a condition only one parameter suffices to characterise the intensity of turbulence, namely the Taylor-Reynolds number (Re λ ). Re λ in the ocean can vary from place to place, its most frequent order of magnitude is Re λ = O(100). Typical reference values for the properties of such a turbulent flow are given in table I. In accordance with this picture
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Kolmogorov time scale (τ η ) s 1 Kolmogorov velocity scale (u η ) ms and given the fact that the LC model aims at describing copepods' dynamics over a short scale O(1)m, we adopt as governing equations of the flow the Navier-Stokes equation for an incompressible flow in three-dimensions, which we solve by means of a Direct Numerical Simulation based on a pseudo-spectral method. The fluid domain is a cubic periodic box. The forcing to sustain the flow acts only at large scale leading to a statistically homogeneous and isotropic turbulence at Re λ ≃ 80. The forthcoming discussion on the model results is more conveniently addressed in dimensionless units. The reference scales adopted here will be the dissipative (or Kolmogorov) units: τ η for time, η for space and u η = η/τ η for the velocity. They are linked by the relation u η η/ν = 1, and they represent the smallest scales of the turbulent flow (see the table for an order of magnitude estimate in the ocean). In this units the copepods' jump intensity in our simulation turns out to be u J /u η = O(10 2 ), while the copepods' jump decay time is τ J /τ η = O(10 −2 ). When the results are analysed in such units, it is expected that the effect of varying Re λ (increasing the turbulence intensity) will not change significantly the observed phenomena. This is due to the fact that the LC dynamics, its behavioural reaction, but also its patchiness are linked to the dissipative-scales of the turbulent flow [40] . We remark that the above estimate also illustrates the peculiarity of this swimming strategy of copepods. They can impart a velocity that is even larger than the one of the largest vortices in the flow, larger than u ′ , and this happens over a time which is much shorter than any time scale of the flow. It is clearly an effective way to escape from unwanted locations in the flow. The jump parameter values we use in the simulations presented in this paper, based on our estimates at Re λ , give u J /u η = 250, while the copepods' jump decay time is τ J /τ η = 10 −2 . Values that we will keep fixed throughout all the present study.
Encounter rate in case of preferential concentration
We look at the single-copepod encounter rate, which is the number of encounters per unit time experienced by one copepod in a population of N individuals in a volume V (number density n = N/V ). Under the condition of statistically homogeneous and isotropic movement, the single-copepod encounter rate can be written in the following form [23-26, 50, 51] :
where r is twice the organism's encounter, or perceptive, radius (r = 2 r p ). Here g(r) represents the pair distribution function, which describes the variation of the particles' density from a reference particle. This has a unit value in the case of homogeneously distributed organisms, while it is greater than one in the condition of local accumulation. Furthermore, for vanishing values of r it is linked to the fractal dimension of a set of points in space, i.e., the correlation dimension D 2 [52] . The pair distribution function has the following form:
where |r ij | = |x j − x i | is the Eulerian distance between two particles in a pair (denoted with indexes i and j).
The symbol δ denotes here the Dirac generalized function, with δ(0) = 1 and δ(x) = 0 for x = 0. Finally, δv rad (r) is the mean radial velocity between two organisms separated by the distance r:
Note thatṙ ij =ẋ j −ẋ i denotes here the organisms velocity difference. A detailed explanation on the appropriate choice of the velocity difference to be used in expression (4) can be found in [24] . We finally mention that the total encounter rate, which is the total number of encounters in the population is given by n E(r). Nonhomogeneous distribution of particles has been studied comprehensively; heavy particles (particles denser than the fluid) concentrate in low vorticity and high strain rate regions [17, 31, [53] [54] [55] [56] , light particles are trapped by vortices in the flow [17, 31, [56] [57] [58] , and particles without inertia (fluid passive tracers) are passively advected by the flow. In these cases the observed phenomenon of preferential concentration is controlled by the particles' Stokes number St (which is the ratio of the aerodynamic response time of a particle over the turbulent characteristic time scale, τ η ), and by the density contrast between the particle over the fluid density. For swimming microorganisms, such as small algaes (e.g. chlamydomonas) which are small and neutrally buoyant, a preferential concentration effect has been found resulting from the gyrotactic motility [59, 60] , a competition between the spatial gradients in the fluid velocity, that contributes to the vorticity, and the stabilizing torque due to the displacement of the center of gravity from the center of geometry.
Compared to phytoplankton, copepods show a different type of complexity due to their reactive behavior. Contrary to the previously observed clustering, the patchiness of copepods is tightly linked to their behavioural strategy in turbulent flows; this is the central result in our previous study of the LC model [40] . In the following section the radial distribution function, g(r), its link to the fractal dimension, the radial velocity, δv rad (r) , together with their contribution to the encounter rate between copepods will be addressed and discussed in detail.
RESULTS
We organize the analysis in two sections. The first addresses the dependence of encounter rates on the shear rate thresholdγ T at keeping constant the maximal interjump frequency τ −1
w . The second section instead fixesγ T and allows τ w to vary.
Effect of the shear rate threshold
The pair correlation function for the LC model, one of the two main factors in the encounter rate expression (4), is shown in Figure 2 (A) . The presence of local copepods concentration is here evident from the fact that g(r)
where 3 stands for the dimension of the physical space. The inset of Fig. 2 reports the D 2 (γ T ) dependence. We remark the value at minimum D 2 ∼ 2.3 for τ ηγT = 0.5, which suggests that copepods may form almost bidimensional, sheet-like structures [40] . The variation of g(r) at different distances (r) is given as a function of the shear rate value in panel (B) of Fig.  2 . It is here important to note that the range ofγ T values, in which the preferential concentration arises is very narrow.γ T outside the range [1/8, 2]τ η leads to almost negligible clustering. Furthermore we see clearly that the largest is the perception radius, the more effective is the preferential clustering mechanism. We may observe that for r > 10η, which means perception radius larger than 5η we can take g(r) ≃ 1. The mean radial velocity between two copepods at varyingγ T is shown in Fig. 3 . For comparison the same quantity for fluid tracers is also shown. We note that when computed on fluid tracers the radial structure function is an Eulerian quantity which, under the hypothesis of isotropic turbulence, can be related to the better known second-order longitudinal Eulerian structure function via the relation δv rad (r) = 2 δv 2 (r) /π [56] . If we adopt the empirical approximation given by Borgas and Yeung [61] for δv 2 (r) at finite Re λ , we find a pretty good agreement with our numerical results. The Eulerian mean radial velocity grows linearly as r ζ d with ζ d = 1 for dissipative scales (r 10η) and at inertial-range scales is proportional to r ζi with ζ i = 1/3. From Fig. 3 we see that the jump-rate of copepods with threshold value of τ ηγT ≥ 3.9 is so low that they behave almost like tracers. They are thus passively advected by the flow and, for this reason, they go very close to the prediction just given for tracers. By decreasing the shear rate threshold value, copepods become more and more reactive, therefore the jumping part in the mean radial velocity expression becomes increasingly dominant. In the case where all copepods are permanently in alert regions (γ T = 0) one can expect a Brownian-like motion of copepods according to the LC model. For this case, copepod's relative velocity tends to be constant over space and its amplitude is proportional to the jump intensity (u J ). If we assume that the jumps for different copepods are uncorrelated both in time and in space and that the additional fluid velocity is negligible one can easily compute the level value of this plateau (see Fig. 3 ). By dimensional reasoning one can show that in the latter case the effective diffusivity of the copepods is proportional u 2 J τ J . For other cases (intermediate shear rate threshold values τ ηγ ) the behaviour is more complicated and difficult to capture by analytical or dimensional arguments. We observe that in the limit of r → 0 the mean radial velocity function, δv rad (r) , goes to zero for fluid tracers but it has non-zero value for different families of copepods and is more pronounced by decreasing the shear rate threshold value. This pattern is caused by singularities in the copepods dynamics which implies that copepods at distance r may have a different behaviour, hence a different velocity. In the field of particle laden flows this discontinuity in the particle velocity field is often referred to as a caustic singularity [62, 63] . This is better illustrated in the visualisation of Fig. 4 where pairs of very close copepods may have very large velocity differences. Finally, we remark that differently from the trend observed for g(r) the behaviour of δv rad (r) is inversely proportional and monotonic withγ T : at increasing the shear rate threshold the mean radial velocity difference goes down from the plateau level to the fluid tracer level. The scaling exponents ζ d , ζ i of δv rad (r) for different copepod families at varyingγ T are obtained via power law fits are shown in Fig. 5 . The change of the power law scaling exponent in the inertial-range is smooth, but at the dissipative scale it shows a non monotonic behaviour for the fractal dimension as a function of the shear rate threshold values, as already reported for the pair correlation function in Fig. 2 .
Having the pair correlation function, g(r), and the mean radial velocity, δv rad (r), one can estimate the encounter rate kernel, E(r). There is of course no contact between tracers, because they are size-less by definition and are passively advected by an incompressible flow, where the fluid streamlines does not cross each other. However, when a virtual radial size R is assigned to a tracer, their virtual contact rate is proportional to the mean radial velocity evaluated at r = 2R. Copepods differs from tracers in two aspects, first they are not simply passively transported by the flow and secondly their virtual contact rate, called radius of perception, has a specific biological meaning. It is known that copepods-copepods or copepods-prey/food interactions occurs before the possible body-to-body physical contact: copepods can grab their prey or become aware of an incoming mate before hit them [34] . This is why R should be understood as twice the radius of perception of the organisms rather than their geometrical size. Fig. 6 reports the encounter kernel as a function of r for different copepod families. Here the encounter rate of tracers are traced as for comparison with the different copepod families. It appears that by increasing the shear rate threshold value (τ ηγT ) the encounter rate of copepods decreases monotonically, although the growth of the shear rate τ ηγT had non-uniform impact on the pair correlation dimension (see Fig. 2 ). This implies that the dominant term in interspecies encounter rate of the copepods is the amplitude of their mean radial velocity. The encounter rate is dominated by caustics. The vertical line in the figure shows the radius of perception for Lagrangian copepod particles, here supposed to be 5 times greater than the Kolmogorov length scale of the carrier fluid. The ratio of the radius of perception to the copepods' body size is reported to be in the range 1 − 3 [64] [65] [66] . In terms of η this means that the radius of perception of copepods is of the order of ∼ 1. In order to see how effective the shear rate threshold value is on the encounter rate of Lagrangian copepods at different perception radius, one can estimate the ratio between the encounter rates experienced by copepod families and tracers. This is shown in Fig. 7 where it is realistic to have larger encounter rates at small distances. This figure suggests that at optimum clustering, corresponding to the shear rate threshold value of τ ηγT = 0.5, the encounter rate can be of the order of ∼ 10 with respect to the tracers at distance r = 5η. The LC model shows no contact rate enhancement at shear rate values larger than 2.75. This means that whenγ > 2.75/τ η then there is any increase of contact rate between copepods due to their swimming behaviour. Therefore, dimensionally the LC model do not give any significant advantage atγ > 2.75 s −1 . When the shear rateγ is lowered, the contact rate reaches up to 100 times the value of fluid tracers. Notice however that copepod-copepod interaction has been neglected in the LC model, and this may have lead to large overestimation of contact-rates.
Effect of waiting time between successive jumps
Up to now we assumed that a copepod's jump was terminated after a prescribed time interval τ w from the jump inception, defined it as when the jump velocity amplitude reaches one percent of the copepods' initial jump intensity. In reality copepods can behave differently. For instance they can be less reactive of what has been modeled so far since they have some finite energy amount available for swimming and after repeated jumps they may need some time in order to recover their lost energy [67] . The probability density function of time between successive jumps (not shown here) indicates the presence of memory on the previous jumps of copepods (see also [68]) but there is a lack of quantitative elements in order to have enough information to model this feature in the LC model. We now vary the duration of the waiting time, taking as a reference the family for which τ w /τ J = c with c = 4.6 (a family with u J /u η = 250, τ J /τ η = 10 −2 andγ T = 0.5 where a complete jump lasts for 46 ms) as shown in blue in Fig.8 . We now have Lagrangian copepod families with u J /u η = 250, τ J /τ η = 10 −2 ,γ T = 0.5 and τ w /τ J which varies in range [0.5c, 200c] . Fig. 8 interestingly shows that by making copepods progressively less reactive, the small scale clustering, characterised by D 2 , fades away and only a prompt copepod reactions may lead to non-homogenous spatial distribution. Moreover, when the waiting time, τ w , is larger than the Kolmogorov time scale of the flow, τ η , copepods' spatial distribution becomes nearly homogenous. It is now interesting to see how these changes in spatial distribution can affect the encounter rate. In Fig. 9 the en- counter rate per unit particle density as a function of r is shown for different Lagrangian copepod families that we observed in Fig. 8 . One can normalize the encounter rate experienced by copepod families by the one of tracers at a specific perception radius in order to clearly see the effect of waiting time between successive jumps. This is shown in Fig. 10 where it is seen that the increase of the waiting time decreases the copepods' encounter rates. For τ w ≃ 2τ η the encounter rate enhancement as compared to tracers is just a factor ∼ 8 for r = η and decrease to nearly a factor ∼ 2 for r = 5η. 
DISCUSSION
The model for copepods dynamics in turbulence studied in this paper leads to an enhancement of the encounter rate. This increase has its origin in two distinct mechanisms: the preferential concentration, quantified by g(r), and the mean approaching velocity difference, measured by δv rad (r). The parametric analysis at varyingγ T reveals that the lower is the threshold the higher is the encounter rate. A similar result is found for the investigation at fixedγ T = 0.5τ −1 η and at varying inter-jump minimal time τ w : the shorter is the time, the more frequent are the encounters. These results are easy to grasp. A very reactive organism will explore much more space than a nearly passive one and will enhance its chances to meet similar organisms. However, one may want to ask if, despite its simplicity, the LC model can provide also a non trivial insight on the possible dynamics of copepods in turbulence. A first significant observation is that the dissipative scale, τ η , is the relevant control scale for the encounter rate enhancement. It defines respectively both the reference frequency and the reference time gap forγ T and τ w . In other words the present mechanisms of enhancement of encounters is effective only if copepods have a shear rate sensitivity that is finer than the shear rate produced at the Kolmogorov scale ∼ τ −1 η and if their jumps occurs at a rate higher than this very same frequency. In dimensional terms this corresponds to τ −1 η ≃ 1s −1 , however, due to the difference turbulent conditions found in the ocean, it is known it might have more than one decade range of variability (from 0.1 to 10 s −1 as from [69] ) . The fact that the shear rate threshold value to trigger a jump in copepods has been reported to vary froṁ γ T = 0.025 s −1 [48, 49] toγ T = 0.4 s −1 [47] , seems to support the validity of the model findings. A second observation is that the enhancement of contact rate by the present mechanism is much less effective when the perception radius is wider. We note the large gap existing between the estimated encounter rates at r = η and r = 10η. This has a biological relevance: Larger copepods or copepods simply with a longer range perception are less affected by the preferential concentration mechanisms and by the increase of the approaching velocity. This also set a quantitative limit, if r ≥ 10η ≃ 1cm the effect of encounter rate enhancement by turbulence is negligible. The fact that the radius of perception to copepods is in the mm range [64] [65] [66] suggests that the proposed mechanisms may be effective at least for small copepod species. A complementary interpretation of this result is that for a copepod family of a given perception radius, the turbulence induced enhancement of encounter rates is less and less effective as the the turbulent intensity is increased, and is much effective at moderate levels of turbulence. We now discuss possible limitations of the model and potential features that we neglected and that may change the scenario described so far. One shortcoming of the model is the fact that we do not take into account the energetics of copepods. It is unlikely that these organisms may jump indefinitely at a maximum rate τ −1 w , even if such a rate is not sustained. It is more likely that periods of high activity will be followed by a resting time. A realistic energetic model for copepods could lead to slightly different quantitative estimates for E(r) however it will not modify the observation that τ η is a characteristic scale of the problem. Another limitation concerns the absence of a post-encounter dynamics in our model. The Lagrangian copepods we simulate can have trajectories that cross each others and do not bounce or react differently when they encounter each other (we talk in this case of virtual encounters). In reality we expect different behaviour in the moments following an encounter. This may lead to substantial different conclusions and we think it will be interesting to include this feature as a refinement of the present model.
Conclusion
This paper address the problem of the quantification of inter-species contact rate in copepods in field conditions. The copepods habitat is sea water flow characterised by large scale currents and turbulence with variable intensities. The copepods' encounter rate is certainly influenced by this turbulence environment, but on the other hand copepods are also known to be capable to displace quickly when locally subjected to mechanical disturbances. The way in which environment and this single, specific, behavioural conditions combines is complex. In this paper we couple the exact dynamics of homogeneous and isotropic turbulent flows, by using DNS, with a simplistic model of behaviour where copepods jumps are triggered by localized high strain events. The main result of this investigations lies in the enhanced interspecies contact rate with respect to the case where copepods are considered as fluid tracer particles. This enhancement comes from two terms in the contact rate expression; one is the variation of the pair correlation function g(r) which accounts for the spatial preferential concentration and the other one is the variation of the mean approaching velocity δv rad (r) , which comes from the fact that copepods can have an independent swim velocity. Our analysis shows that the encounter rate for copepods of typical perception radius of O(η), where η is the dissipative scale of turbulence, can be increased by a factor up to ∼ 10 2 compared to the one experienced by passively transported fluid tracers, a very large value, which can be ecologically important. Such effect may show that jumping behaviour of copepods is ecologically justified not only to avoid predators, but also to increase the mating encounter rate. Furthermore, the study of a minimal pause interval between consecutive jumps shows that any encounter-rate enhancement is lost if such time goes beyond the dissipative time-scale of turbulence τ η . This provides relevant constraints on the turbulent-driven enhancement of contact-rate due to a purely mechanic induced escape reaction. We conclude by remarking that the large enhancement of the contact rate highlighted in this paper, while relevant for mating behaviour of copepods it is less relevant for prey capture estimates. As a perspective it would be interesting to see the consequence of our LC model for the feeding behaviour by using the Lagrangian model of copepods one side and larger bodies drifting in the flow which can model the presence of large predators.
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